In recent years, integrative animal biologists and behavioral scientists have begun to understand the complex interactions between the immune system and the neuroendocrine system. Amphibian metamorphosis offers a unique opportunity to study dramatic hormone-driven changes in the immune system in a compressed time frame. In the South African clawed frog, Xenopus laevis, the larval pattern of immunity is distinct from that of the adult, and metamorphosis marks the transition from one pattern to the other. Climax of metamorphosis is characterized by significant elevations in thyroid hormones, glucocorticoid hormones, and the pituitary hormones, prolactin and growth hormone. Previously, we and others have shown that elevated levels of unbound glucocorticoid hormones found at climax of metamorphosis are associated with a natural decline in lymphocyte numbers, lymphocyte viability, and mitogen-induced proliferation. Here we present evidence that the mechanism for loss of lymphocytes at metamorphosis is glucocorticoid-induced apoptosis. Inhibition of lymphocyte function and loss of lymphocytes in the thymus and spleen are reversible by in vitro or in vivo treatment with the glucocorticoid receptor antagonist, RU486, whereas the mineralocorticoid receptor antagonist, RU26752, is poorly effective. These observations support the hypothesis that loss of larval lymphocytes and changes in lymphocyte function are due to elevated concentrations of glucocorticoids that remove unnecessary lymphocytes to allow for development of immunological tolerance to the new adult-specific antigens that appear as a result of metamorphosis.
INTRODUCTION
Metamorphosis in amphibians presents a unique problem for the developing immune system. Free-living tadpoles are immunologically competent, but they acquire a new set of adult-specific molecules to which they must become immunologically tolerant at metamorphosis (reviewed in Du Pasquier, 1982; Cohen et al., 1985; Flajnik et al., 1987; Rollins-Smith and Cohen, 1996) . How the metamorphosing tadpole avoids a self-destructive autoimmune response to these new molecules has intrigued immunologists for ,many years. One hypothesis is that unnecessary tadpole lymphocytes are discarded at metamorphosis and replaced *Corresponding author. 146 L.A. ROLLINS-SMITH et al. by new lymphopoiesis after metamorphosis (RollinsSmith and Blair, 1990a) . In the South African clawed frog, Xenopus laevis, a dramatic loss of lymphocytes from the spleen, thymus, and liver (Du Pasquier and Weiss, 1973; Rollins-Smith et al., 1984; Cohen et al., 1985; Rollins-Smith et al., 1988 ) is associated with a significant increase in glucocorticoid hormones at metamorphic climax JolivetJaudet and Leloup-Hatey, 1986 ). Viability and mitogen-stimulated proliferation of lymphocytes from metamorphosing frogs are reduced by concentrations of glucocorticoids naturally present at metamorphic climax (Marx et al., 1987; Rollins-Smith and Blair, 1993) . Here, we report that the glucocorticoid receptor antagonist, RU486 (Moguilewsky and Philibert, 1984) , can interfere with glucocorticoid-induced inhibition of proliferation and glucocorticoid-induced apoptosis of lymphocytes. Moreover, RU486, delivered to tadpoles in their water at metamorphic climax, results in increased numbers of lymphocytes recovered from spleen and thymus. These findings suggest that naturally elevated glucocorticoids at metamorphic climax induce the death of some lymphocytes and may inhibit the function of others, allowing for the acceptance of new adult-specific molecules by the immune system.
RESULTS

Inhibition of Lymphocyte Proliferation by Giucocorticoids Is Reversed by RU486
In X. laevis, like other amphibians, the major glucocorticoids produced are corticosterone and aldosterone (Chart and Edwards, 1970; Jolivet-Jaudet and LeloupHatey, 1984) . Plasma concentrations of unbound corticosterone and aldosterone are elevated at climax of metamorphosis to a maximum of about 70 and 30 nM, respectively Jolivet-Jaudet and Leloup-Hatey, 1986 ). Proliferation of splenic lymphocytes from metamorphosing frogs driven by phytohemagglutinin-P (PHA) is significantly reduced by each hormone at a concentration of 1-10 nM (Fig. 1 ).
Addition of a ten-to 100-fold molar excess of RU486 to such PHA-stimulated cultures interferes with the glucocorticoid-induced inhibition of proliferation (Fig.  1 ). These experiments demonstrate that a glucocorticoid-induced effect (inhibition of proliferation) is reversible in the presence of RU486. The fact that the effects of both corticosterone and aldosterone are antagonized by RU486 suggests that both hormones mediate their effects through engagement of the glucocorticoid receptor. This is supported by the observation that a specific mineralocorticoid receptor antagonist, In addition to their effects on proliferation, corticosteroids are known to induce the death of thymocytes and peripheral lymphocytes (Wyllie, 1980; RollinsSmith and Blair, 1993) by the process of programmed cell death or apoptosis (Wyllie, 1980 (Hanke and Leist, 1971; Jaudet and Hatey, 1984) . A number of thyroid hormone-driven events during climax of metamorphosis are accelerated by glucocorticoids (see reviews in Kikuyama et al., 1993; and Kaltenbach, 1996) . Thus, (Just et al., 1977 (Just et al., , 1980 Widmer et al., 1981; reviewed in Weber, 1996) , adult-type keratin (Ellison et al., 1985; Mathisen and Miller, 1987; 1989; reviewed in Miller, 1996) , the urea cycle enzymes (Morris, 1987; Galton et al., 1991; Helbing et al., 1992; Xu et al., 1993; Atkinson, 1994; Helbing and Atkinson, 1994; reviewed in Atkinson et al., 1996) , and vitellogenin (Wahli et al., 1981; Knowland, 1985) . Persisting larval lymphocytes theoretically could develop a destructive autoimmune response to these new antigens. Previous studies from my laboratory have sought to understand to what extent larval lymphocytes persist in the postmetamorphic period. Clearly, some lymphocytes can persist because immunological memory persists through metamorphosis (Du Pasquier and Haimovich, 1976; Barlow and Cohen, 1983; Cohen et al., 1985; Manning and A1Johari, 1985) . Using triploid (3N) thymus implants in diploid (2N) hosts, we have demonstrated that although some larval T lymphocytes persist, most are naturally deleted or significantly diluted by the expanding adult population (Rollins-Smith et al., 1992) . Additional studies examined the fate of larval T cells in individuals thymectomized just prior to metamorphosis. These experiments also showed that a small population of larval T cells persists after metamorphosis, although T lymphocyte numbers were dramatically reduced by thymectomy . Because RU486 treatment reduces the number of lymphocytes lost at metamorphosis, it is now possible to study whether abnormally persisting larval lymphocytes can respond to adult-specific antigens. Future studies will address this question.
Loss of lymphocytes by untreated frogs may temporarily expose metamorphosing frogs to a greater risk of attack by environmental pathogens. Studies are currently planned to determine whether metamorphosing frogs are, indeed, more susceptible to infection by pathogens than younger larvae or postmetamorphic adults. If metamorphosing frogs survive the temporary immunosuppression, the immune system undergoes a period of renewal and expansion that results in a more extensive antigen-recognition repertoire and immunological tolerance to newly emerging adult-specific molecules (reviewed in Du Pasquier, 1982; Cohen, et al., 1985; Flajnik et al., 1987; Rollins-Smith and Cohen, 1996) . The removal of unnecessary tadpole lymphocytes by glucocorticoids seems to be an exquisite example of the integration of the immune system and the endocrine system that benefits the organism.
MATERIALS AND METHODS
Frogs
Xenopus laevis J-Strain (Tochinai and Katagiri, 1975;  DiMarzo and Cohen, 1982) , which are homozygous at the major histocompatibility complex locus, were used for all of the experiments reported here. Adult males and females were induced to breed by injection of human chorionic gonadotropin according to standard procedures as described previously (Rollins-Smith and Blair, 1990b (APBS) for 24 h at 20C, they were rehydrated in APBS, stained with propidium iodide (2 mg per 100 ml of APBS + 0.1 ml Triton X-100 + 3.7 mg EDTA), and treated with RNAse according to the method of Hotz and co-workers (1994) modified by our laboratory as described here for amphibian cells. Percent apoptotic nuclei exhibiting a hypodiploid DNA content were enumerated by flow cytometry using a Becton-Dickenson FACSTAR. Data collected in the list mode were analyzed using the MODFIT analysis program (Verity Software House, Topsham, ME).
Treatment of Frogs with RU486 by Immersion
Stage 57-58 J-strain tadpoles were immersed in dechlorinated tap water alone or with increasing concentrations of RU486. A stock solution of RU486 at 10 -2 M in 95% ethanol was further diluted to 1.5 10-M with a 1:1 mixture of propylene glycol and distilled water. One hundred, 10, or lal were added per liter of frog water to achieve a concentration of 1.5, 15, or 150 nM RU486 in the water. Control frogs received 100 ILtl per liter of the vehicle alone. The water was changed and fresh hormone was added three times weekly. All frogs were sacrificed when they reached metamorphic stages 64-65, and the number of days from the beginning of treatment was recorded for each individual.
Determination of Wet Weight
At the time of sacrifice, RU486-treated frogs and controls were blotted dry and weighed to the nearest 0.1 gram with a metric balance.
